In this Letter, we propose a composite nanochannel system, where half of the channel is of low surface energy, while the other half has a relatively high surface energy. Molecular dynamics simulations show that fluids in such channels can be continuously driven by a symmetric temperature gradient. In the low surface energy part, the fluid moves from high to low temperature, while the fluid migrates from low to high temperature in the high surface energy part. The mechanisms that govern the flow are explained and the conditions required to guarantee the flow and the possible applications are discussed. DOI: 10.1103/PhysRevLett.105.174501 PACS numbers: 47.61.Àk Liquid transport in micro-or nanochannels is of great importance in many applications, including biomolecule separation, energy conversion, and thermal management [1] [2] [3] [4] . Mechanical, electrokinetic, and acoustic approaches can be used to drive the fluid through the channel [4] [5] [6] [7] [8] .
Liquid transport in micro-or nanochannels is of great importance in many applications, including biomolecule separation, energy conversion, and thermal management [1] [2] [3] [4] . Mechanical, electrokinetic, and acoustic approaches can be used to drive the fluid through the channel [4] [5] [6] [7] [8] .
The fluid can also be circulated by heterogeneous forces caused by a surface tension, chemical, or temperature gradient [1, [9] [10] [11] . However, in certain applications, these gradients can be symmetric and the total net force on the fluid vanishes. In this case, the fluid cannot be constantly transported without external forces. Inspired by our recent work on the flow regimes in nanochannels [12] , here we propose a composite nanochannel system, where half of the channel has low and the other half has relatively high surface energy, as will be explained later. Through molecular dynamics simulations, it is shown that liquids in such channels can be continuously pumped by a symmetric temperature gradient along the channel. One advantage of this system is the application for chip-level cooling, where the heat generated in the chip can be used to drive the liquid without using external pumps, which consume energy, occupy space, and therefore conflict with the miniaturization objectives of next generation electronic devices.
The composite nanochannel system is illustrated in Fig. 1 . The channel is formed by two parallel walls. A liquid (green particles), which is in connection with two reservoirs, is confined by the walls. For the convenience of numerical simulation, the same structure and potential are used for the walls. The composite channel is defined in terms of the surface energy or fluid-wall interaction, which is heterogeneous and realized by controlling the fluid-wall binding energy " fw . The binding energy between the fluid and left half of the wall (orange) " fwðLÞ is weak (low surface energy) and that between the fluid and right half of the wall (gray) " fwðRÞ is strong (high surface energy). The low or high surface energy represents different types of molecular interactions. For low surface energy, the fluid-wall interaction is weak and mainly repulsive, while both repulsive and attractive interactions are strong for high surface energy.
The channel walls are constructed by truncating a rectangular portion from a face-centered cubic structure with a lattice constant equal to 4.086 Å . There are four layers of atoms in each wall. The atoms in the outmost layers are fixed to maintain a stable system whereas the atoms in the other three layers are free to vibrate to consider the flexibility of the wall. The lengths of the simulation cell in the x and z directions are 16 and 5 nm, respectively. The length of the wall in the x direction is 8 nm. The channel width, distance between the innermost atomic layers in the y direction, is varied from 2 to 6 nm. The wall is modeled by the tight-binding potential, which has been well accepted for transition metals, and the parameters for Ag are used [12] . (Note that the wall can simply be modeled by confining the atoms to their lattice sites with a restoring force [13] . The potential may affect the fluid dynamical properties near the fluid-wall interface, such as the velocity slip length.) The fluid-fluid interaction is modeled by the Lennard-Jones 12-6 potential, UðrÞ ¼ 4" ff ½ð ff =rÞ 12 À ð ff =rÞ 6 , where r is the intermolecular distance, " ff is FIG. 1 (color online). Structure of the composite nanochannel system under a symmetric temperature gradient. Green particles are liquid molecules, which are in connection with two reservoirs. The left half of the wall (orange) has low and the right half (gray) has high surface energy. The temperature in the middle is higher than that at the ends of the channel.
the fluid-fluid binding energy, and ff is the collision diameter of the fluid molecules. The values of " ff and ff are set to be 9:8 Â 10 À3 eV and 3.47 Å and the fluid number density 0 ¼ 15:381=nm 3 . The fluid-wall interaction is also calculated by the Lennard-Jones potential. To control the surface energy and understand the effect of surface energy heterogeneity on the flow, the fluid-wall binding energy " fw is arbitrarily varied. Temperature gradients are imposed on the wall such that the temperature around the middle T H is higher than that around the ends of the wall T L . T H and T L are maintained at desired values by controlling the kinetic energy of wall atoms lying in the slit of 5 Å around the midline and ends of the walls through the Berendsen thermostat [14] . Periodic boundary conditions are employed in the x and z directions only. The potentials are truncated at 10.21 Å and Newton's equations are integrated with Beeman's leapfrog algorithm [15] , with the time step equal to 1 fs. The system is relaxed for up to 2 ns to reach steady state before the flow properties are computed.
We first investigate the volumetric flux of the liquid in 4 nm channels under different temperature gradients and surface conditions. The temperature at the ends of the channel T L is maintained at 100 K and that in the middle T H is changed from 300 to 750 K. The binding energy between the fluid and right half of the channel, which has high surface energy, is fixed at " fwðRÞ ¼ 500 K and that between the fluid and left half of the channel " fwðLÞ is varied from 10 to 200 K to consider the effect of surface energy configuration on the flow rate. Figure 2 shows the volumetric flux of the liquid as a function of " fwðLÞ under different temperature gradients. The reduced flux in Fig. 2 is the flux scaled by ffiffiffiffiffiffiffiffiffiffiffiffi ffi eV=m p , where eV is electron volt and m is the mass of a fluid molecule. It is seen that the fluid does have a clear unidirectional motion under the heterogeneous surface energies and symmetric temperature gradient. The flux increases with increasing surface energy heterogeneity and high temperature gradients generally enhance the flow rate.
The mechanisms that the composite channel can serve as a nanopump are nontrivial. The flow in the channel is determined by different fluid-wall interaction scenarios, which lead to nonuniform density and pressure distributions under the temperature gradient. The fluid pressure P can be estimated through the virial equation of state [14] 
where is the number density, k is the Boltzmann constant, F is the force between a pair of molecules, and V is the volume. In Eq. (1), the two terms on the right-hand side are the kinetic and potential components of the pressure, respectively. The contributions of these two components to the pressure variation are different in the low and high surface energy parts of the channel.
In the low surface energy part (left half), the binding energy " fwðLÞ is relatively weak and the fluid-wall interaction is mainly in the form of elastic collisions without fluid adsorption [12] . The role of temperature lies in affecting the kinetic energy and pressure of the fluid. At high temperature (middle of the channel), the kinetic energy and therefore the pressure of the fluid are higher than those at low temperature. Hence, the fluid in the left half of the channel moves from the middle (high temperature) to the left end (low temperature) of the channel, as will be confirmed by the velocity field later. Note that the temperature gradient can induce a density gradient, which may weaken the pressure variation. However, the density change is insignificant compared with the temperature gradient, as shown in Figs. 3(a) and 3(b) . Therefore, in this part, the pressure gradient, based on Eq. (1), is mainly caused by the kinetic component due to the temperature gradient (this is confirmed by the pressure distributions due to the two parts in Eq. (1), which are not reported here).
In the high surface energy part (right half), however, the fluid-wall binding energy is strong, which causes fluid adsorption on the wall [12] . The number of fluid molecules adsorbed by the wall is affected by the temperature variation in the wall. Low temperature favors fluid adsorption because the kinetic energy of the fluid molecules is insufficient to overcome the wall attraction. Therefore, the strong fluid-wall interaction and temperature gradient generate a large density gradient in the fluid, as shown in Fig. 3(a) , and the highest density takes place around the wall at the low temperature end. The nonuniform density distribution leads to heterogeneous intermolecular interactions and pressure variation [ Fig. 3(c) ]. The fluid-fluid repulsive force is stronger in high density area than that in low density area, which will cause the fluid molecules to migrate from high to low density regions. Suppose the intermolecular forces can be represented by two forces in the x and y directions, F fx and F fy , any fluid molecule will generally move to the left because the attractive force from the wall F wy is in the y direction and F fx cannot be balanced, as shown in Fig. 3(a) . The magnitudes of F fy and F wy determine whether the molecule will move toward the center or wall, as will be shown in the velocity field. In this part, the potential component of the pressure due to the large density variation dominates over the kinetic component. Therefore, in the right half, the fluid moves from low to high temperature and the pressure difference is mainly caused by the density variation, instead of temperature change. It is noted that the pressure distribution in Fig. 3(c) calculated through Eq. (1) may not be accurate for confined fluids. A more accurate approach can be found in Ref. [16] .
To confirm the flow, the average velocity field is obtained for the case of " fwðLÞ ¼ 10 K and T H ¼ 600 K, as illustrated in Fig. 4(a) . It is seen that the fluid has a general motion in the negative x direction. The flow fields in the low and high surface energy areas are quite different. In the low surface energy part, the velocity in the center area is larger than that around the wall. In the right half of the flow field, the velocity near the wall at low temperature is almost zero because the fluid molecules are adsorbed by the wall. The largest velocity takes place in the area of high temperature around the wall, where fluid molecules have high kinetic energy and are free to move.
Based on the above analysis, to guarantee the flow in the channel under a symmetric temperature gradient, the configuration of the surface energy has to be appropriate such that the fluid adsorption occurs only in one half of the channel. Fluid adsorption on solid surfaces is generally determined by the ratio of fluid-wall binding energy to temperature, " fw =kT [17] [18] [19] [20] [21] [22] . This ratio expresses the competition between the fluid-wall binding strength and the kinetic energy of the fluid. Usually fluid adsorption tends to occur when " fw =kT > 1. Hence, for the given temperature gradients in Fig. 4(a) , to guarantee a flow, " fw > 100 K is required for fluid adsorption in one half of the channel and " fw < 100 K has to be satisfied in the other half to prevent fluid adsorption. In Fig. 4(a) , " fwðLÞ ¼ 10 and " fwðRÞ ¼ 500 K, which satisfy the two conditions, and therefore a clear fluid motion is observed. If one of the conditions is not satisfied, for example, if " fwðLÞ in the case of Fig. 4(a) is changed from 10 to 200 K, which is about to cause fluid adsorption, the fluid-wall interaction in both the left and right half of the channel becomes similar, as confirmed by the velocity distribution in Fig. 4(b) . In this case, the distinct mechanisms required for the flow are not ensured and the fluid motion turns out to be unobservable (Fig. 2) . 
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Since the flow in the channel is caused by the coupling effect of temperature gradient and appropriate surface energy configuration, the channel size must be an important parameter that affects the flow. Other than the 4 nm channel in Fig. 2 , we also performed simulations in 2 and 6 nm channels. The flux for the same fluid in these channels is depicted in Fig. 5 . In Figs. 5(a) and 5(b), T H ¼ 300 and 600 K, respectively, and " fwðLÞ is varied from 10 to 200 K. The other conditions are the same as that in Fig. 2 . It is seen that the flux increases with decreasing channel size. This is reasonable because the surface effect grows strong as channel size decreases. Furthermore, the effect of fluid density on the flux is also examined. Figures 5(c) and 5(d) show the flux for different values of density ratio = 0 . There seems to be a maximum value in the flux as the density is varied. This might be due to the change in the competition between fluid-wall and fluid-fluid interactions as the mean distance among the fluid molecules and consequently the intermolecular interaction are changed [12] . Figure 5 indicates that the relationship between the flux and the parameters, i.e., channel size, temperature gradient, surface energy, and fluid density, is nonlinear. There may exist an optimal configuration, for which the flux is the maximum. This will be explored in future work.
It is worth mentioning that the proposed system could be used for chip-level cooling. The intrinsic heat generated by the chip provides a symmetric temperature gradient, which can be employed to circulate liquids through channels. Compared with the conventional cooling techniques, the composite nanochannel system is energy friendly since it does not require extra pumps. This is in favor of the miniaturization and integration of electronic devices.
In summary, we have shown that fluids can be pumped by a symmetric temperature gradient in composite nanochannels, which have heterogeneous surface energies. The fluid moves from high to low temperature in the low surface energy part, where the pressure difference is mainly caused by the temperature variation, and from low to high temperature in the high surface energy part, where the pressure change is largely resulted from the density gradient.
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